Abstract In machining titanium alloy as difficult-to-cut or hard materials, productivity is limited because of low heat conductivity at high spindle speed. Process damping is a damping mechanism during the machining process that can be exploited to improve the limited productivity in machining titanium alloy at low cutting speed. In the present study, experiments are performed to evaluate the wavelength performance of process-damped milling under irregular tool geometries such as uniform, variable helix, variable pitch, and variable helix/variable pitch. The effects of radial immersion, feed rate, depth of cut, and surface velocity as process parameters are also studied. By using flexible workpiece conditions, all tools are tested in machining titanium alloy at low speed to encourage the process damping phenomena. The wavelength performances are calculated on the basis of the chatter frequency domain analysis extracted from the acceleration signal in the time domain during the cutting process. The effect of irregular tool geometries shows that variable helix and variable pitch tools have the best wavelength performance compared with regular and other irregular tools. The effect of process parameters reveals that the radial depth of cut can also improve the process damping wavelength compared with regular tools. Irregular milling tool geometries with spindle speed and feed rate parameters can be used to suppress the chatter by exploiting the process damping behavior, thus improving machining productivity.
Introduction
Rapid developments in machining technology have driven an aggressive machining operation with the aim to increase material removal rate (MRR) to enhance productivity and reduce production costs. Achieving high MRR in machining operations is limited by the mechanism called self-excited vibration, which is also known as chatter. Chatter is produced from selfexcited vibration during cutting, thus resulting in highamplitude unstable motion. The amplitude of this motion leads to an unacceptable workpiece surface finish, excessive tool wear, and potential damage to the machine itself. Vibration usually induces chatter in metal cutting, thus limiting the productivity of machining operations. This situation will become increasingly serious with the use of nickel-and titanium-based alloys in the industry because these materials are considered difficult-to-cut materials owing to their poor thermal conductivity and high strength at elevated temperatures [1] .
To suppress chatter vibration, the passive or active chatter suppression method is suggested by using structural damping [2] or adding absorber [3] . In addition to passive or active suppression method, tool geometry modification [4] and spindle speed variation [5] are options to suppress chatter in machining process. Given the high demand for various uses in aerospace and biomedical parts, high MRR in machining titanium alloy is desired. However, high MRR during high-speed titanium machining is limited by poor thermal conductivity [1] . The aforementioned chatter suppression methods require additional devices, tool modifications, and high spindle speeds, thus increasing costs. As an alternative method, process damping is introduced to suppress chatter in low-cutting-speed titanium machining. Process damping is the damping force produced from tool and workpiece interaction on an uneven surface at low cutting speed (Fig. 1) . As each tooth removes the chip from the wavy surface, process damping forces are generated on the structure.
Budak and Tunc [6] introduced the process damping energy method to predict chatter stability with time domain simulation and verified this model experimentally at low cutting speed for both turning and milling process with steels, aluminum, and titanium alloy as workpieces. Furthermore, the effects of clearance angles, hone radius, cutting speed, chatter frequency, depths of cut, and number of teeth were also studied. Clearance angle and hone radius significantly increased the stability limit at low cutting speed. Similar to Budak and Tunc [6], Yusoff et al. [7] evaluated the effects of tool geometries such as edge radius, rake angle, and relief angle on process damping in cutting titanium. In their experimental work, irregular tool geometries, namely, variable helix and pitch, showed better process damping compared with regular tool geometries for aluminum cutting by using wavelength as the process damping performance. By using the same method to evaluate the wavelength performance, Sims and Turner [8] modeled the effect of feed rate on process damping and validated this model experimentally in titanium cutting. Taylor et al. [9] considered the segmentation effect of high-amplitude vibration when turning titanium alloy at low cutting speed. Contrary to normal chatter, chip segmentation causes maximum vibration amplitude and is limited by process damping. The above literature studied titanium as a machining workpiece, which has limited applications because of its thermal behavior. However, titanium machining can be appropriately performed in low cutting speed by using process damping mechanism to suppress chatter.
Damir et al.
[10] compared both flexible and rigid workpiece conditions to analyze the force and stability prediction for hard and soft workpiece materials. The relationship between the produced force and cutting stability was then determined. Although studies have revealed that process damping always occurs at low cutting speed, Sellmeier and Denkena [11] claimed that process damping also occurs at high cutting speed. Considering the high cutting edge of the chamfer of tool geometry and the second mode, stability limit prediction is established for highspeed cutting. However, this model is only suitable for aluminum machining. Ahmadi and Ismail [12] conducted an experiment to verify process damping as a nonlinear effect to finite amplitude stability. In steel machining, amplitude gradually changes from stable to unstable under the presence of chatter because of process damping. Furthermore, this time domain simulation was extended with the indentation force pulse model to predict stability with nonlinear process damping [13] . Turkes et al. [14] modeled a new approach of process damping ratios on the basis of shear angle and penetration force into wavy surface to create stability lobes. Several process damping models considered various force models in predicting stability lobes for soft alloys, such as aluminum as workpiece material. The cutting force behavior during chatter prediction is also a factor that should be considered.
Although irregular tool geometries in machining aluminum have been studied by Yusoff et al. [7] , comparison among these tools has not been conducted, especially in machining titanium as workpiece. Yusoff et al. [7] and Sims and Turner [8] used wavelength to determine the process damping performance by increasing the feed rate and spindle speed by 20 % Fig. 1 Process damping mechanism [4] 
